Background: The use of T2* magnetic resonance imaging (MRI) has been promoted by recent studies as a noninvasive method for the detection of iron overload in thalassemia major patients. This study aims to estimate the iron load in the heart and liver of thalassemia major patients using T2* MRI and to determine its correlation with the left ventricle ejection fraction and serum ferritin level. Methods: Forty β-Thalassemia major patients were included in the study. We evaluated the serum ferritin level, echocardiography, cardiac T2*, myocardial iron concentration (MIC), liver iron concentration (LIC) and hepatic T2* in all patients. CMR T2* findings were categorized as normal cardiac T2* (T2* >20 ms) or abnormal cardiac T2* (T2* <20 ms). Results: The study found that 85% of patients had a normal cardiac T2* value. The median serum ferritin level was 2189. A significant inverse correlation was found between the serum ferritin level and the cardiac T2* (r=−0.381, =0.015); however, the correlations between serum ferritin and the hepatic T2* and liver iron concentration were statistically nonsignificant (P=0.539 and P=0.637, respectively). Additionally, the LVEF correlation was statistically non-significant with SF, hepatic T2* and cardiac T2*. Conclusion: Regardless of the serum ferritin level or left ventricle function, a cardiac T2* MRI should be done for all patients with β-Thalassemia major in order to estimate the myocardial iron concentration.
Introduction β-Thalassemia is a hereditary anemia caused by the absence (β0) or reduced synthesis (β+) of the β-globin chains of hemoglobin. Three hematological, clinical conditions of increasing severity are recognized: the β-thalassemia carrier state, thalassemia intermedia, and thalassemia major 1 . Patients with thalassemia major (TM) usually require frequent blood transfusions that lead to iron accumulation in various tissues and organs. 2 The heart is one of the most sensitive and vulnerable organs to overload iron. 3 Thus, myocardial sideriosis is still the major cause of death in transfusion dependent thalassemia major patients, so it is crucial to test for iron overload.
Serum ferritin is widely used as a surrogate marker for iron overload. However, the measurement of serum ferritin cannot be used to predict myocardial and liver iron content, as its level is also affected by inflammation, chelation therapy, vitamin C level, infection and liver damage. 8, 9 An echocardiograph is a valuable tool to assess cardiac function in clinical situations, but LVEF is not a reliable marker for the early detection of iron overload. 10 This is due to the adaptation of cardiac function in the transfusion-dependent thalassemia patients in response to chronic anemia, which may overestimate LVEF and, therefore, neglect an underlying cardiac disorder. 10 The risk of cardiac failure cannot be ruled out, even with normal LVEF. The best method for the estimation of liver iron overload is a liver biopsy. However, this is an invasive method, cannot be used for long-term follow-up, and can also be erroneous due to the heterogeneous distribution of iron throughout the liver. 11 Currently, the best noninvasive method to evaluate target organ hemosideriosis is T2* magnetic resonance imaging. 12 However, several factors hinder the use of MRI; it is difficult to use with children, requires an expert radiologist to interpret its results, is not available in all locations, and is expensive. 13 Several studies have demonstrated the association between serum ferritin level, MIC, LIC, cardiac T2* and hepatic T2* to determine whether ferritin levels could be used as a suitable index to assess iron overload status in such patients. However, conflicting results have been reported. 2, [14] [15] [16] Our study aimed to investigate the correlations between cardiac and hepatic iron concentration, myocardial and hepatic T2* values, along with serum ferritin level and left ventricle ejection fraction.
Patients and method

Study design and participants
We conducted a prospective cross-sectional study of 40 thalassemia major (TM) patients who were admitted to Beni-Suef University Hospital, Egypt. Participant criteria included patients who were older than 6 years of age, receiving regular blood transfusions at least once a month and undergoing chelation therapy. Patients were not included if they had suffered from heart failure (left ventricle ejection fraction less than 40%), valvar heart disease, congenital heart disease or infectious disease. Written informed consents were obtained from patients or their caregivers and approval was received from the ethical committee of Beni-Suef University of Medicine before the study began (Ethical committee code: FWA00015574). The study was conducted in accordance with the Declaration of Helsinki. Once patients met the inclusion criteria, they were subjected to a detailed history, clinical examination, echocardiograph, laboratory tests and MRI scans.
Serum ferritin
Estimation of the serum ferritin level was performed by enzyme immunoassay (ELISA), according to protocol provided by the manufacturer.
Cardiovascular magnetic resonance imaging (MRI)
In this research, MRI scans were performed according to the protocol used in previous studies. 17 This method was used to measure heart and liver T2*, as well as myocardial and liver iron content. The MRIs for this study were performed in the Department of Radiology, Kasr el Aieny Hospital, using a four-element cardiac phased-array coil. Standard ECG gating was used to synchronize the scans to the cardiac cycle. The cardiac MRI was performed using a single 10-mm-thick short-axis mid-ventricular slice, which was positioned halfway between the base and the apex of the left ventricle (LV). It was acquired at eight echo times (TE =2.6-18.8 msec, with 2.02-msec increments) in a single breath-hold. For T2* and MIC analysis, a homogeneous full-thickness ROI was selected in the septum. 18 The MRI T2* of the liver was measured using a single 10 mm slice positioned through the center of the liver, and was scanned at 8 different echo times (TE). The TE used was 2.3-18 ms. The signal intensity of this area was determined for each of the images and the resulting data were plotted against the TE to draw an exponential decay curve. The cut-off points in this MRI instrument were as follows: Cardiac: normal >20 ms, mild: 14-20 ms, moderate: 10-14 ms, severe <10 ms; Liver: normal >6.3 ms, mild: 2.8-6.3 ms, moderate: 1.4-2.7 ms, severe <1.4ms.
The analysis was conducted using Thalassemia Tools Software, as explained by Carpenter et al (2012) , for the measurements of the cardiac T2* and MIC while measurements of the liver T2* and LIC were carried out according to the protocol suggested by Garbowski and colleagues for the. 19, 20 Echocardiograph Each patient underwent an echocardiographic examination using both the conventional and tissues Doppler echocardiography. All were performed by a single expert cardiologist. Normal systolic function was defined as ejection fraction >55% and fraction shortening >27%.
Statistical analysis
In this study, data were expressed as mean ± standard deviation for continuous variables; categorical variables were expressed as counts and percentages. Data were tested for normal distribution using the KolmogorovSmirnov test, while frequencies, means and standard deviations were calculated by descriptive statistics. Correlations of variables were evaluated using the Pearson's or Spearman's correlation analysis. A p-value <0.05 was considered statistically significant. Statistical analyses were conducted with a commercially available software package (SPSS version 23).
Results
The study was performed on 17 (42.5%) male and 23 (57.5%) female patients with a mean of age of 12.95±4.506 (ages 6-20). All patients were being treated with Deferasirox. The median serum ferritin level was 2189, while the mean left ventricle ejection fraction (LVEF) was 62.8±3.05%. All participants had normal systolic and diastolic function (Table 1) . Twenty-one (52.5%) patients had serum ferritin levels >2000 ng/ml, of which 16 (47%) patients had normal cardiac T2* MRI; 19 (47.5%) participants had serum ferritin levels between 1,000 and 2,000 ng/ml, of which 18 (53%) had normal cardiac T2* MRI. Abnormal T2* was found in 83.3% of patients with a serum ferritin level >2,000 ng/ml and 16.7% of patients with a serum ferritin level between 1,000 and 2,000 ( Table 2 ). An abnormal cardiac T2* was found in 2 (33.4%) females and 4 (66.6%) males (Table 3) . The correlation of age with serum ferritin level in patients with TM showed a significant and moderate correlation (r=0.343, P=0.03). However, the correlations between age and myocardial iron concentration, liver iron concentration and ejection fraction were poor and statistically insignificant (Table 4) .
A significant inverse correlation was noted between serum ferritin level and cardiac T2* (r=−0.381, P=0.015) (Figure 1 ). In addition, the correlations between serum ferritin and the hepatic T2* and liver iron concentration were statistically non-significant (P=0.539 and 0.637, respectively) ( Figure 2 ).
The left ventricle ejection fraction showed a weak insignificant correlation with serum ferritin level (r=0.132, P=0.416) and a weak inverse non-significant correlation with cardiac T2* and hepatic T2* (P=0.525 and 0.843, respectively).
A strong inverse correlation was found between cardiac T2* and myocardial iron concentration (r=−0.802, P=0.001). As the cardiac T2* increases, the myocardial iron concentration decreases in tandem. However, the association between myocardial and liver iron concentrations was weak and non-significant (P=0.557).
The association between hepatic T2* and liver iron concentration showed a negatively moderate and significant correlation (r=−0.440, P=0.005) ( Table 5 ).
Discussion
A significant cause of death in patients with TM is a cardiac complication, such as heart failure or arrhythmia. The dysfunction of the heart in TM patients is multifactorial; 4000.00 5000.00 6000.00 7000.00 Figure 1 Correlation between cardiac T2* and serum ferritin level. however, iron toxicity is the major factor responsible for this failure. 21 Patients with TM require frequent blood transfusions; therefore, the excess iron results from both increased iron absorption from the G.I.T. and repeated blood transfusions. Transfusional iron is deposited in the reticuloendothelial system (RES); when the stores of the RES become saturated, the excess iron is deposited in different parenchymal tissues, such as hepatocytes, myocardium and endocrine glands. 22, 23 Cardiomyopathy due to iron overload can be reversed if aggressive chelation therapy is initiated early. 22, 23 The non-chelated TM patients usually develop cardiomegaly by the age of 10 years, and by the age of 16, they experience heart failure (Engle, Erlandson, and Smith, 1964). Therefore, the early detection of iron deposition in the myocardium is imperative to prevent heart failure. This study used cardiac T2* and functional CMR imaging, which are considered to be the best tools for the assessment of cardiac iron loading and cardiac function. The cardiac T2* value is inversely proportional to the myocardial iron concentration. An increase in the T2* value indicates good cardiac function. 25 The serum ferritin level is sometimes used as a predictor for myocardial iron overload. A serum ferritin level of more than 1,800 mg/L is associated with an elevated cardiac iron concentration, while a level of more than 2,500 mg/L is associated with an increase in the prevalence of cardiac events. 26 However, the serum ferritin level also increases due to inflammatory responses and liver disease, so its measurement is not a reliable marker for cardiac issues. 15 In addition, the risk of cardiomyopathy due to iron overload cannot be ruled out by a low level of the serum ferritin. 27 Eighty five percent of the patients included in this study had acceptable levels of cardiac and hepatic iron. We found a significant but inverse correlation between serum ferritin level and cardiac T2*. These findings are in accordance with earlier studies. 11, 17, 26 this data indicates a large variability, confirming that the relationship is too weak to be useful in the clinical setting. Several previous studies reported that serum ferritin is not a valuable predictor of myocardial iron overload. 25, 28 Some studies found no association between serum ferritin and cardiac T2*. 21, 27 However, other large-scale studies reported a weak correlation between serum ferritin level and cardiac T2*. 5, 6, 11, 29 Our result conflicts with the study presented by Yang et al (2014) , which reported a strong significant association between serum ferritin level and cardiac T2*; this may be due to the insufficient chelation therapy received by the majority of the patients in their study . 30 The association between serum ferritin and hepatic T2* was also found to be insignificant; therefore, hepatic haemosideriosis cannot be ruled out by the measurement of serum ferritin level. Our results are in contrast to Eghbali's study, which indicated a moderate correlation between serum ferritin levels and hepatic T2* levels (Eghbali, Ahmadi et al 2014). However, the correlation between hepatic T2* and LIC was a significant moderate inverse correlation, similar to Eghbali et al. 15 A myocardial biopsy is an invasive method that can be used to determine a patient's iron level, but it is not associated with cardiac iron levels or cardiac functions. 19 which may be related to the non-homogenous distribution of myocardial iron deposition. 31 As such, a myocardial biopsy is not recommended for evaluating cardiac iron overload. Additionally, a liver biopsy is touted as the optimal method to measure iron level, but it is invasive and cannot predict the iron level of the heart. 15 The electrocardiograph and echocardiography are only reliable in patients with advanced iron overloading. 15 Our study detected no significant correlations between the LVEF and serum ferritin level, cardiac T2* or hepatic T2*. This may be because the patients in our study exhibited mild to moderate cardiac iron overload with normal left ventricle (LV) functions. Our results are thus in accord with previous studies that concluded that, even when LVEF is normal, the risk of cardiac iron overload cannot be ruled out. 32 We do not mean to infer that we are ignoring the role of the echocardiograph in the detection of cardiac iron overload, but it is more reliable in advanced stages of the disease. 4000.00 5000.00 6000.00 7000.00 Figure 2 Correlation between hepatic T2* and serum ferritin level.
The Thalassemia International Federation (TIF) recommends that the first assessment of myocardial iron concentration should be done at puberty for patients who received chelation therapy early and regularly. 33 
Conclusion
Serum ferritin level, hepatic T2* and LVEF are not reliable measures for the detection of myocardial iron concentration, as the association between the SF and hepatic T2* with cardiac T2* is poor, and no association has been found between cardiac T2* and LVEF. Therefore, it is very important to detect myocardial iron concentration in thalassemia major patients by using the noninvasive cardiac T2* procedure. Regular clinical monitoring of hepatic and cardiac iron is essential for primary prevention of cardiac events.
Study limitation
The main limitation of this study is its small scope, taking place at a single center with a relatively small sample size of 40 participants. These findings should be assessed by other studies with larger sample sizes.
